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SUPl-RSONIC DYNAMIC-STABILITY DHRIVATIVl-S OF 
rilK SPACE SHUTTLE LAUNCH VEHICLE 


Richmond P. Boyden, Dolma C, Freeman. Jr., 
and Edwin E, Davenport 
Langley Research Center 

SUMMARY 


An Investigation has been made to determine the dynamic-stability characteristics of a 
0.0 1 5-scale model of the space shuttle launch vehicle at supersonic speeds. These tests were 
made at angles of attack from -10° to 10° at Mach numbers of 2.00, 2.86, 3.96, and 4.63. 
Tire complete launch vehicle, consisting of the orbiter, external tank, and solid rocket boosters, 
has positive damping in pitch, roll, and yaw over the angle-of-attack and Mach number range. 
Tlie orbiter external-tank configuration has a region of negative pitch damping for small neg- 
ative angles of attack at a Mach number of 2.00. At all other test conditions, the orbiter 
external-tank configuration has positive damping about all three axes. 

INTRODUCTION 

As part of the space shuttle development effort, the Langley Research Center has spon- 
sored a program to determine experimentally the dynamic-stability characteristics of the space 
shuttle vehicle. Tlie aerodynamic damping derivatives have been determined for the orbiter 
at subsonic to hypersonic speeds (refs. 1 to 3) and for the launch vehicle during the ascent 
flight from lift-off to transonic speeds (ref. 4). As part of this study, forced-oscillation 
dynamic-stability tests ot a 0.015-scale model of the space sliuttle launcli vehicle were made 
at supersonic speeds in the Langley Unitary Plan wind tunnel. These tests were made at 
Mach numbers from 2.00 to 4.63, measuring the pitch, roll, and yaw damping as well as the 
normal force due to pitch rate and the cross derivatives (yawing moment due to roll rate and 
rolling moment due to yaw rate). The complete launch configuration and the orbiter external- 
tank combination without the solid rocket boosters were tested. The center- of-oscillation 
position was changed during the tests to take into account the wide variation in center-of- 
gravity location during the flight of the launch vehicle. 

SYMBOLS 


I'he aerodynamic parameters in lliis paper are referred to the lv>dy system ol axes as 
shown in figure I. I'he axes originate at the assumed centers of oscillation which were 
located to correspond with the center-or-gravily (c.g.) positions shown in figure 2. 


Tlic reference length usetl to nomlimenKionali/.o all of the aerodynamic parameters was 
the orhiter body length which is 0,49 Id m (for the 0.01 5-scale model). I he reference area 
used to nondi.ucnsionali/.e the aerodynamic parameters was the orhiter wing aien which is 
0.05()23 m- I for lue 0.015-scale model). 

Units of measurement are presented in the International System of Units I SI). See 
reference 5 for details on the use of the SI physical constants and conversion factors. 


C 


\ 


... . Rolling moment 
rolling-moment coetlicient, ■ 




Cl. 


3Ci 


’(i 


, per radian 


Cl. 


9Ci 

per rad, an 


\4V- 


Ci + Cl. sin a 


damping-in-roll parameter, per radian 


Clr 


— Y per radian 




9Ci 


rK- 


per radian 


Uv-; 


Clr ‘ “ 


roiling moment due to yaw-rate parameter, per radian 


3C 


3|3 


, per radian 




-rr-r, per ratlian 


2^. 


C'i „ sin a - k-(\ .♦ 


rolling moment due to roll-displacement parameter, per railian 




effective dihedral parameter, per radian 







C„ sin a k~C„ . yav'ing moment due to roll-disphtr. ment parameter, per radian 

"0 "P 

f fro(iiicncy of oscillation, hertz 

k reduced-frequency parameter, ^ in pitch, roll, and yaw, radians 

8 reference length, orbiter body length, meters 

M free-stream Mach number 

p angular velocity of model about X-axis, radians/ second 

q angular velocity of model about Y-axis, radians/second 

q free-stream dynamic pressure, newtons/meter“ 

00 

R Reynolds number, based on orbiter bod% ^'ngth, 8 

r angular velocity of model about Z-axis, radians/ second 

S reference area, meters** 

T tunnel-stagnation temperature, K 

V free-stream velocity, meters/se nj 

a angle of attack, degrees or radians 

(3 angle of sideslip, radians 

(j> model roll-orientation angle, degrees 

o) angular velocity, 2?rf. radians/ second 

A dot over a ciuaiUity indicates a first derivative with respect to time. 
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MODF.L AND THST APPARA1DS 


- ...v - - ■“■• "■ 

sislsSisi 

ment points are presented in ligure 3. 

• r I n^L'illation tests were made in the Langley Unitary Plan wind 
The supersonic forced-oscillation tests were m ^ 

tunnel. Test section 1 was used for Mach numbers o .. ^ u^jt^ry Plan 

zrJTJLZ 7 ;““— 

are found in reference 2. 

TESTS 

• ..tnUiiitv were made to determine the pitch 

Thi» fnrccd-oscillation dynamic-stability tests were uyiu , , 

IC' + C yaw (r - C', cos a), and roll damping (f\p + sin a); the 

fjmq W 7” Vnr J cros^crivativc parameters^ yawins n.omenl Jut to 

due to pitch rate (C^ + •)> «tnu me , ^ \ 

u t fr + r 3n a\ and the rolling moment due to yaw rate K\r ~ ‘ ) 

UeTlb :,e '&Ppnu.e of the ose.ation a„a of t,.e ra„}e of the m.,ueeArcr,ococ 

para»rieter during the dynamic-stability tests were: 


Oscillation axis 


Amplitude of oscillation, 
degrees 


Reduced-frequency parameter, 
k, radians 

0.0064 to 0.0174 
I .0064 to .0159 

.0109 to .0195 


The hmsitiiJinal position of the modoi moment “ irptesenle.1 in iipute 1 

the eonfigntation. The Jellnition of the posthons nsed m tin teds ire 
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The tunnel dynamie pressure, velocity, stagnation temperature, and Reynolds number 
based on the orbiter body length svere: 


Mach number. 
M 

Dynamic 

pressure, 

(| , kN,m~ 

oo 

Velocity, 
V, 111 / sec 

Slag.iiatioii 

temperature. 

r. K 

Reynolds 

R 

iiumbei. 

i 

2.00 

22.7 

550 

339 

3.22 X 10^’ 

2.86 

19.0 

650 

339 



3.96 

14.1 

733 

3.53 



4.63 

1 1.2 

758 

353 





For the Mach numbers of 2.00 and 2.80, three-dimensional roughness in the fonn of 
sparsely distributed No. 60 carborundum grains was applied in bands 0.1 6 cm wide located 
1.27 cm from the leading edge of the orbiter wing and vertical tail. Similar bands were 
applied in rings around the nose of the orbiter. the external tank, and the solid rocket 
boosters, 3.05 cm rearward from the nose of each. For the higher Mach numbers of 3.96 
and 4.63, single particles of No. 45 carbonindum grains were spaced approximately 0.16 cm 
apart in the same locations as noted previously for the lower Mach numbers. 

The angle of attack was varied from about -10° to 10°. Because tlie dynamic-stability 
sting is mounted 16.5 cm below the center line in both test sections of the Langley Unitary 
Plan wind tunnel, the model had to be inverted to obtain the negative angles of attack. No 
data were taken at a Mach number of 2.00 at angles of attack between -1° and -4° because 
of a reflected shock impingement upon the model vertical tail. 

RESULTS AND DISCUSSION 

The complexity of the flow field surrounding the launch vehicle configurations < super- 
sonic speeds is illustrated by the series of typical .schlieren photographs in figure 5. The 
photographs show the orbiter external-tank configuration at Mach numbers of 2.00 and 3.96 
and the complete launch configuration at a Mach number of 4.63. 

Pitch Oscillation I'ests 

The complete results of the pitch oscillation tests are presented in figures 6 to 9. I'he 
data in the figures are identified by model roll-orientation angle 0 of either 0° or 180° 
because the model had to be inverted for the negative angles of attack. 

riie pitch-damping results for the shuttle launch configuratior at tlie center-of-gravity 
position for both the maximum dynamic-pressure case (max. aiul for the solid tocket 
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. » r A Tl oonfiKUtation cxliihitcd positive 

boosict ISRB) burpit » we ^ throualiout the range of angle of allack 

damping in pttcb (negW« .a^u« o ^ pi,„t clamping front li.e change in 

and Mach num cr. ^ chance in level of the oscillatory longitudinal stability 

center-of-gravity position while the c a g gravity. The center-of- 

r.:r pr.: r: — 

rrr.=“:: r.:tp£,,. »■ - 

numbers, 3.% and 4.63. A airniiar eff«. may t 4 c,n m fh a 

staffer, evident at the lower Mach numbers, ,s thought to be a rc 

mnne, turbulence in - - " - J^r. and staging studies, tests were made on 
In order to provide mforma center of gravity corresponding to the vehicle 

the orbiter external-tank eombma ion results are shown in figure 7. 

center of gravity after staging the solid rocket ‘ ^ \ small negative angles 

There is a re,o„ of negative dampi^ (poot« v^ms ^ 

of attack for a Mach number ot • I ^ i„ the 

M = :.00 results because of a renecte ^ ^ ^ ^ ja,npi„g.in-pitch 

inverted position at low angles o a. . an, ’e-of-attack range. I' or 

parameter was a strong function o orbiter external-tank combination 

Mach numbers higher than 2.00 the damping external-tank combination 

— : normal force due to pitch 

n.ro:r:ir:.n;;... .r. », •" 

normal force due to pitch rate w.th angle of at . ^ 

displacement parameter which is „,„ng„ratio„ tHg. o, 

number. The values ot than did the other two ;onligurations. 

show more variation with an^e ot attaek than 

Yaw Oscillation Tests 

For the yaw and roll tests, the laun-li ‘n,rUul'rif the 

gravity position corresponding to the inaxiimi.n .Uimping-in-yaw parameter 

r‘T ^ 

V 'V " "d ' ^ 
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plotted against angle of attack. Both the mated vel’icle and the orbiter external-tank combi- 
nation are seen to have positive damping in yaw ^tegative values of cos orj over 

the angle-of-attack and Mach number range. The level of the yaw dam|)ing geii^*rally decreasws 
with increasing Mach number. There are positive values of the oscillatory direetional-staliility 
paramciv ' for both configurations over the range of test coiulilions, but the parameter generally 
<lecreases in value with both increasing angle of attack and M.ich number. The orbiter external- 
tank configuration has a higher level of oscillatory directional stability than the launch configura- 
tion, but there is a large difference in center-of-gravity position between the two configunttions. 

The rolling moment ilue to yaw-rate parameter and the effective iliheilral parameter are 
presented In figures 12 and 12 for the muted vehicle and foi the orbiter external-tank combi- 
nation. Both configurations have generally small positive values of the rolling moment due to 
yaw-rate parameter and negative values of the effective dihedral parameter Indicating positive 
dihedral effect. 


Roll Oscillation Tests 

The residts of the roll oscillation tests are shown in figures 14 and 15 in the form of 
the roll-damping parameter sin and the rolling moment due to roll-displacement 

parameter sin a - k"f\pY The launch configuration and orbiter external-tank configuration 
have positive damping in roll ^tegative values of sin over the Mach number and 

angle-of-attack range. Onlv small differences in the level of roll damping are evident between 
the two eonfigurutlons as a result of removing the solid rocket boosters. 

The yawing moment due to roll-rate parameter (c,, + C,,. sin a') and the yawing 

( \ P s ^ / 

C’,., sin a - k“(’,^^‘) test results are contained in 

figures 16 and 17. Values of the yawing monicmt due to roll-rate parameter were positive 

throughout the range of test conditions for both the complete launch configurdtion and for 

the orbiter external-tank configuration. 

SUMMARY OF RESUL S 

An investigation has been made to detennine the dynamic-stability characteristics of a 
0.015-scale model of the space shutile launch vehicle at supersonic speeds. These tests were 
made at angles of attack from -10” to 10” at Mach numbers of 2.00, 2.S6, 2.%, and 4.62. 

The results of these tests may be summarized as follows: 

I. The complete launcli vehicle, consisting of the orbiter. external tank, and solid rocket 
boosters, has positive damping in pitch, roll, and yaw over the angle-of-attack and Mach number 
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iree-view drawing of model. All linear dimensions have been nondimensionalized 
by reference length i (L = 49.16 cm). 






Tunnel for electrical cables 



Side view 

(a) External tank details. 

tetail drawings of modal componants. All linaar dimansions Hava baan 
nondimensionalized by reference length £ (£ - 49.16 cm). 
















Ort»iter external 




Orbiter external-tank configuration, 
Fieure 5 .- Continued 













Fserure 6.- Continued. 



per radian 



Ficure 6.- Continued 




Burnout 

Burnout 












Figure 8. Effect of center-of-gravity position of the launch configuration on the normal force 
due to pitch-rate parameter and on the normal force due to pitch-displacement parameter. 



rad»ai 







Figure 9.- Normal force due to pitch-rate parameter and normal force due I 
pitch-displacement parameter for the orbiter external-tank configuration 









|}ini:-in-ya\v parameter and f^scillalory directional-stability parameter for the 
)nfitiuration; maximum dvnamic pressure center-of-{jravity position. 
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orbiter external-tank configuration. 
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Figure 11.- Continued. 













Figure 12,- Continued. 







orbiter external-tank configuiration. 













Dampini;-in-roll parameter and rolling moment due to roll-displacement parameter for the 
launch vehicle; maximum dynamic pressure center-of-gravity position. 








Ficure 14 




sin a 



14.- Continued 












orbiter external-tank configuration* 










per radian 



15.- Concluded 










Figure 16. 












Figure 17. 









